Rolling circle amplification (RCA) is a new method based on virus DNA reproduction, which has been widely used in the field of miRNA detection. However, discrimination of highly homologous miRNAs is a bottleneck in the research of miRNA. In this study, the RCA process was creatively used to conduct the discrimination of miRNAs. Results showed that T4 RNA ligase 2 could reach the highest circularization efficiency during the RCA process with higher specificity. By using RCA technology, a member of highly homologous miRNAs, let-7, could be discriminated at the amount of 2.5 fmol. This sensitivity could not be achieved by using traditional reverse transcription quantitative polymerase chain reaction (RT-qPCR) method. In addition, detection of miRNAs by using RCA could reach the amount limit of fmol with a good linearity. Optimal RCA technology used in this study is better than RT-qPCR in discriminating highly homologous family miRNAs. Results from this study can promote the applications of RCA in clinical diagnosis, environment protection, health care, disease inspection and prevention, and national security.
Introduction
Micro-RNAs (miRNAs) are a group of small non-coding RNAs with the length between 18 and 25 nucleotides found in almost all species, which are related to transcriptional and post-transcriptional regulation of gene expression [1] . MiRNAs are widely conserved in plants and animals. They are closely related to some biological processes such as cell proliferation, cell death, fat metabolism, and neuronal differentiation [2, 3] . The first human disease known to be associated with miRNA deregulation was chronic lymphocytic leukemia [4] . The changes of miRNA expression levels are related to many human diseases, including muscle diseases, abnormal inflammatory response, Alzheimer's and Parkinson's diseases [5, 6] . It is well established that many miRNAs are in families with the same seed (typically defined as position 2-8 from the 5′ end of the mature miRNA). The origination of miRNAs is difficult to be determined by known technologies due to their high homology.
Let-7, which is one of the first two known miRNAs, has been reported to have low expression in non-small cell lung carcinoma and the patients with lower let-7 expression have shorter lifetime after treatment [7] . Breast cancer patients with lymph node metastasis or a high proliferation of cases have lower tertiary level of expression of let-7 [8] , indicating that low levels of let-7 and poor prognosis have certain associations. These results revealed that let-7 may act as a tumor suppressor in tumor tissue. But miRNA members among let-7 have high homology in sequence, which makes it difficult to be iscriminated by normal methods such as reverse transcription quantitative polymerase chain reaction (RT-qPCR).
In order to clarify the biological functions of miRNAs, researchers have developed many convenient technologies including Northern blot [9] and primer extension [10] . MiRNA can also be quantified in a twostep polymerase chain reaction (PCR) process of modified RT-PCR followed by quantitative PCR. Absolute or relative quantification was achieved by modifications of this method [11] . Another new technology for the detection of miRNA is the oligo-based microarray. However, the sensitivity and specificity are relatively low [12] . Compared with microarray method, real-time PCR achieves more accurate, sensitive, and specific miRNA detection. Although the above methods can be used in detecting miRNAs, discriminating highly homologous family miRNAs in high sensitivity and specificity have not been achieved. Therefore, a method with high sensitivity and specificity in discriminating family miRNAs is needed. Rolling circle amplification (RCA) is a new method based on the virus DNA reproduction. RCA is a nucleotide extension technology with isothermal process. In comparison with RT-qPCR assay, RCA avoids the reverse transcription process of miRNAs. Therefore, it has great potential in the field of rapid quantitative detection of nucleic acids. Success of the RCA assay depends on the circularization of the linear oligonucleotide probes catalyzed by ligases.
Here, a novel detection method of RCA for the detection of miRNA was optimized. This method is based on the RCA that is usually used to amplify nucleotides acid in room temperature or body temperature, and its applications are not limited by instruments and environments [13] . These advantages make it possible to use RCA during the war, large epidemics and so on. RCA is normally available to amplify template (circularized single DNA) sequence when the primer complemented with the template is also DNA [14] . Compared with real-time PCR, RCA avoids the separation step of reverse transcription of miRNA and allows for the direct and rapid detection of miRNAs in a shorter period of time. And it also greatly increases the specificity and sensitivity of discrimination.
Materials and Methods

Reagents
The oligonucleotides (HPLC purity) used in this study were purchased from TaKaRa (Dalian, China). All ligases (T4 DNA ligase, T4 RNA ligase 1, and T4 RNA ligase 2) and phi29 polymerase were purchased from New England Biolabs (Ipswich, USA). MiRNA RT-PCR kit was also purchased from TaKaRa. dNTPs were purchased from Sangong (Shanghai, China). SYBR green II was purchased from Promega (Madison, USA). All solutions were prepared in super purified water ( Table 1) .
Evaluation of ligation efficiency with molecular beacon platform
The circularization step of RCA cannot be monitored, and therefore, molecular beacon (MB) model was adopted to optimize the circularization efficiency.
Equal volume (0.5 μl) of MB, L-ON (or RNA-L-ON), and R-ON (or RNA-R-ON) at the concentration of 10 μM were pre-incubated at 37°C in the 98.5 μl of ligation buffer. Once the fluorescence intensity became stable, ligase was added into the mixture solution. The florescence intensity was then recorded immediately every 20 s and 1 nm increment for 100 scales. The initial ligation velocity (V 0 ) was then determined from the slope of the relative fluorescence intensity with respect to the reaction time in the initial linear ligation period (0 and 400 s). ΔFI was calculated using the formula:
where F 1 was the initial fluorescence intensity when the ligase was added. V 0 was normalized with respect to the normal ligation velocity (MB + L-ON + R-ON).
Rolling circle amplification assay
Equal volume of 0.5 μl annealing target miRNA (1 μM) and padlock probe were incubated at 37°C for 10 min. The incubation system was composed of T4 RNA ligase 2 ligation buffer, containing 50 mM Tris-HCl ( pH 7.5), 2 mM MgCl 2 , 1 mM DTT, and 400 µM ATP. Addition of ligase circularized the padlock after 30 min of incubation.
The circularized solution (1 μl) was added into 93 μl of phi29 DNA polymerase reaction buffer, and then 5 μl dNTP and 1 μl SYBR green II were added. Fluorescence intensity was monitored for 10 min to obtain the baseline at 37°C. A total of 10 U of phi29 polymerase was added and fluorescence intensity was monitored for 30 min.
MiRNA analysis using RT-qPCR
The SYBR green miRNA assay, a two-step real-time PCR assay was used to compare with the RCA-based analysis of let-7a discrimination. A series of concentrations of let-7a-let-7d were reversely transcribed to cDNAs using reagents and specific reverse transcription primers. The cDNAs was subsequently quantified by real-time PCR using specific forward (for let-7a's cDNA) and reverse primers following manufacturer's protocols. The real-time PCR analysis was performed on an ABI Prism ® 7500 Sequence Detection System (Applied Biosystems, Foster City, USA).
Results
Schemes of the RCA process
The scheme for padlock probe-based RCA of miRNA is shown in Fig. 1A . The 5′-end and 3′-end of the padlock probe were designed to be complementary to the miRNA targets. In this situation, the padlock probe could be ligated and circularized as a template for RCA shown in Fig. 1B . When part of the circularized padlock and miRNA target formed a duplex, phi29 DNA polymerase can synthesize a long polynucleotide chain with thousands of repeats complementary to part of the padlock sequence.
Optimizing the ligation enzyme by MB model
Because the circularization step of RCA cannot be monitored, MB platform was used to examine the probe circularization efficiencies Table 1 . Oligonucleotides used in the MB study Name Sequences
Note: Bold letters are ribonucleotides. The RNA loop of MB is underlined.
of the three ligases (T4 DNA ligase, T4 RNA ligase 1, and T4 RNA ligase 2). The loop of MB was designed to be the ribonucleotides and the two complementary regions (that is, the stem regions) were designed to be DNA or RNA. Figure 2 shows that when the loop was composed of ribonucleotides, there was almost no circularization (∼99%) for T4 DNA ligase and T4 RNA ligase 1. In contrast, T4
RNA ligase 2 could join the nick with very high efficiency when L-ON was DNA sequence and R-ON was RNA. When both L-ON and R-ON were DNA sequences, the ligation efficiency was only 74% of the maximum (The nick formed by L-ON and R-ON in MB model was corresponded to the nick formed by the primer and padlock in the RCA model).
Discriminating target miRNA among highly homologous family miRNAs
MiRNA members among let-7 have high homology in sequence ( Table 2) , which makes it difficult to be discriminated by traditional methods such as RT-qPCR. In order to distinguish different members of let-7 family, padlock probe was designed to match the target miRNA (for example, let-7a), and therefore, other miRNAs (let-7b to let-7e) mismatched the padlock probe to some degree. As shown in Fig. 3 , the probes were circularized and RCA was performed as described in previous section for each of the five synthetic miRNAs. The detection efficiency was represented by ΔFI which was directly proportional to the velocity of SYB green embed in single lined RCA production. Figure 3A shows that the signals for let-7b-let-7e with 2-4 base differences from let-7a were only 0.3%-16.3% of that for let-7a. The signal reached 11.0% for let-7c, which has only one different nucleotide compared with let-7a. The signals of mixtures 1 and 2 reached 93.8% and 23.7% as let-7a. Similar results were also obtained for the other four family members ( Fig. 3B-E) . Results showed that the ΔFI signal of let-7e interferes with the signal of let-7a most remarkably during discriminating let-7a (Fig. 3A) . A series amounts of let-7a and let-7e at 50, 5, 2.5, and 1 fmol were prepared, and padlock let-7a was used as the padlock for both let-7a and let-7e.
As shown in Fig. 4A -C, when the amount of let-7a and let-7e was 50, 5, and 2.5, the ΔFI could be easily distinguished. When the amount of let-7a reached 1 fmol, the ΔFI curves of let-7a and let-7e during RCA were overlapped and could not be distinguished, which indicates that they cannot be discriminated at this amount. The discrimination sensitivities of other let-7 members were also obtained ( Supplementary   Figs. S1-4 ). Figure 5 shows the amount limit of discriminating let-7a to let-7e. RT-qPCR was used to discriminate miRNA as the comparison method. Family members let-7a-let-7e with the amount of 0.4 fmol were prepared. The cDNAs of let-7a-let-7e were obtained by reverse transcription. Quantitative real-time PCR was conducted thereafter. The forward primer of let-7a (FP let-7a) was used to amplify the five cDNAs, that is, the forward primer perfectly designed for let-7a was used to amplify the cDNAs by quantitative PCR. As shown in Fig. 6 , abscissa is cDNAs corresponding to the family member miRNAs, and the vertical axis is Ct value. When the amount of each miRNA was 0.4 fmol, family members cannot be discriminated by Ct value, that is, they cannot be discriminated by the method of RT-qPCR. Although RT-qPCR has a higher sensitivity in detecting miRNAs ( Supplementary Fig. S5 ), it cannot be used to discriminate highly homologous miRNAs such as let-7 family miRNAs. By calculating the slope for let-7a in Fig. 4 , a series of V 0 were obtained. And therefore, by fitting the amounts of let-7a and V 0 , a line was obtained. It suggested that by using RCA method, good linearity (Fig. 7) could be obtained in discriminating miRNAs.
Discussion
During the RCA process, the miRNA to be detected acts as a primer, which avoids the reverse transcription procedure required for quantitative real-time PCR, and avoids Cy-dye labeling required for microarray-based method. The RCA technology is performed at ambient temperature which does not require repeated heating and cooling. This is an advantage for RCA technology to be used in clinical application and during large outbreaks. In addition, it reduces the cost of instruments setup and quality control. However, the cyclization efficiency was the main problem for RCA, which influenced its specificity and sensitivity. In this study, RCA technique was successfully introduced to discriminate highly homologous miRNAs, which could only be achieved by RT-qPCR before. . Detection limit to identify the correct let-7a ability to discriminate let-7a from let-7e target at different amount Figure 6 . Discriminating curves between let-7 family members by using RT-PCR technology The amount of every miRNA was prepared at 0.4 fmol. Mixture 1 contains all other four let-7 members except the intended target let-7 species, whereas mixture 2 contains all five let-7 family members. Curves here were used as the comparison with Fig. 3 .
To demonstrate the specificity of the miRNA assay, members of the let-7 miRNA family, let-7a, let-7b, let-7c, let-7d, and let-7e are ideal models because of their similar lengths and sequences. Because the specificity of the proposed assay depends on the ligation reaction, it is crucial in RCA-based miRNA detection to select an efficient ligase for sealing the nick formed by padlock and miRNA. Although T4 DNA ligase has been used to ligate the padlock probe with RNA template [15, 16] , as shown in Fig. 2 , it has poor activity to ligate a DNA-RNA duplex. The poor activity is probably results from its template-independent ligation property [17] . Alternatively, T4 RNA ligase 2 is generally used as an efficient catalyst for RNA ligation in double-stranded RNAs or RNA/DNA hybrids [18] , and exhibits higher specificity than that of T4 DNA ligase.
Bacteriophage T4 encodes three polynucleotide ligases, which have been widely studied and used as model systems for this class of enzymes [19] . Traditionally, these three proteins have been referred to as T4Dnl (gp30), T4Rnl1A (gp63), and T4Rnl2 (gp24.1). This study compared the nucleic acid substrate specificity for each of these enzymes upon the MB platform illustrated in Fig. 1A . In this case, the ligation process could be monitored by MB model and utilized in RCA technology. By monitoring the velocity of ΔFI increase in the MB model, we confirmed that only T4 DNA ligase 2 had good nick-joining activity when the loop was consisted of RNA.
The substrates used in this study to optimize cyclization were consisted of all combinations arising from the hybridization of two RNA and/or DNA oligonucleotides (Fig. 2) . Here, we optimized the ligation by using T4 RNA ligase 2, which was reported to be more active when the 3′-end and 5′-end of the nick were consisted of DNA sequence and RNA sequence respectively than two sequences beside the nick were both RNA sequences [19] . Unlike T4 RNA ligase 1, T4 RNA ligase 2 is much more active in joining nicks on double-stranded RNA than in joining the ends of single-stranded RNA. The enzyme requires an adjacent 5′ phosphate and 3′ OH for ligation. And it can also ligate the 3′ OH of RNA to the 5′ phosphate of DNA in a double-stranded structure [20] .
Previous studies have demonstrated that there is an urgent need for more sensitive and specific methods for the discrimination of miRNA in complicated situations of clinical blood samples and specimen which contains a mixture of abundant miRNAs. The padlock probebased discrimination system presented here was successfully used to discriminate miRNAs of family miRNAs.
It is a great progress to discriminate miRNAs with high sequence homology, among family members and with short strand of miRNAs. As shown in Table 3 , let-7 miRNA family members differ by only one or two nucleotides in sequence or in bases with nearly the same length (only 21 or 22 bases). In this study, an optimized padlock probe was introduced to improve the RCA selectivity. Upon hybridization with the target miRNA, the ends of the padlock probe are approached to form a nick, and the probe is circularized by enzymatic ligation. Due to the requirement of correct hybridization to two segments, target miRNA was recognized with very high specificity by the padlock probe; even single-nucleotide variants of sequences could be distinguished using the padlock probe [21] . RCA technology used in this study has a high specificity. Figure 3 demonstrates that the padlock probe strictly complementary to the target miRNA could identify the target miRNA in a mixture of all miRNAs family members with high efficiency (75%-90% from let-7a to let-7e). The high specificity was resulted from the high ligation efficiency when the padlock probe was circularized with the target miRNA.
As a result of its simplicity, robustness, specificity, and high sensitivity, RCA has become increasingly popular in the detection of DNA, RNA, and proteins. RCA offers an exquisite strategy for detecting miRNAs because the short miRNAs are suitable to be used as templates for ligation of the padlock probes and can subsequently prime the isothermal RCA reaction. Jonstrup et al. [16] have pioneered miRNA detection based on RCA. However, RT-qPCR could not discriminate the highly homologous miRNAs in high sensitivity, and therefore the RCA-based assay reported here avoids the drawback of RT-qPCR with high specificity and sensitivity. The factor that contributes to the highly sensitive miRNA detection is the release of one SYBR green II molecule per dNTP incorporated into the single DNA strand. Therefore, with the multiple primer extensions taking place simultaneously in the ramification amplification, thousands of SYBR green II molecules are generated in a short period of time. In addition, the SYBR green II molecules are detected by a microplate reader, which operates in a protocol mode. Due to its 'digital nature', the protocol mode detection technique has very high sensitivity and dynamic range. Our data indicated that the RCA technology detection upon the microplate reader is able to discriminate the target miRNA from other members at least at the amount of 2.5 fmol.
In summary, we have optimized a simple and sensitive method for discriminative detection of member miRNAs based on fluorescence quantification. In contrast to previous reports, the proposed method does not require any isolation steps, which significantly reduces the cost and simplifies the manipulation for miRNA determination. Moreover, when T4 RNA ligase 2 is used, high specificity can be achieved to clearly discriminate one-base difference between miRNAs, which could not be achieved by RT-qPCR. In addition, in situ detection is desirable for better understanding the regulatory roles of miRNAs. Compared with the classical quantitative real-time PCR method, the optimized RCA technology has several advantages, such as simplicity, ambient temperature requirement, low cost, time saving, and high sensitivity in discriminating highly homologous miRNA members. Although the detection sensitivity of PCR is much higher than that of RCA, the discrimination sensitivity is much lower than that of RCA. Thence, miRNA discriminating technology used in this study has the applicable potential in miRNA detection in war or during large epidemics.
